Introduction
In recent decades, the development of energy systems has been accompanied by an inherently increasing non-uniformity between the consumption and generation of electricity. Despite the development of different energy storage technologies, the most appropriate types of plant for providing electrical energy needs are currently conventional types running on fossil fuel. Among all such power plants, those based on gas turbines are most suitable for cyclic operation. Although gas turbines are highly flexible, frequent start-ups, shutdowns, and rapid load changes significantly reduce their service lifes, consequently increasing operating and maintenance (O&M) costs.
Throughout the developmental history of gas turbine technology, increasing efficiency has been gained mainly by raising the initial temperature of the working fluid. However, the capital costs increase along with thermal efficiency as a result of the use of more expensive materials and advanced cooling for high-temperature components. Also, a higher-temperature working fluid places much greater thermal stresses onto metal during start-up and shutdown operations. These contrasting factors lead to an optimization problem regarding turbine inlet temperature for use on different parts of the daily electric load curve. The present study attempted to define the most preferred types of gas turbines for different operational modes, taking into account the additional costs associated with changes in the operating life of highly stressed elements. Some of the first research from a general point of view devoted to the accounting of wear and tear on power plants' equipment and the associated additional costs are [1], [2] . Later studies analysed how cyclic operation increases O&M costs, related to steam turbines in [3], [4] and related to steam turbine and combined cycle power-plant equipment in [5] . All these studies evaluated the additional O&M costs based on statistical data obtained from plant owners, an approach that is applicable only when the considered equipment has been operated for a long time. In the case of new or even newly designed power plants, performing a strength analysis of the most thermally and mechanically stressed elements for the given unit is more suitable.
Currently, the maintenance strategy of power equipment is widely optimized using the concept of equivalent operating hours (EOH). This principle suggests that each start-up, shutdown, or rapid change in load be assigned a certain number of operating hours at nominal load equivalent to these stresses. in [6] EOH was used to assess the reduction in life of a combined cycle power plant's equipment. The authors of this article have previously used the EOH concept to determine the lifetime potential of gas turbines [7] .
Methodological preliminaries
Total operating costs for a gas turbine unit comprise the fuel costs and the costs associated with changes in its operating life (depreciation costs):
Fuel costs can be determined according to the following expression:
where ) (N B is the fuel consumption as a function of the load; start B the fuel consumption necessary to start-up a gas turbine; fuel P is the price per unit of the used fuel; I is the number of start-ups from different thermal states of a turbine; J is the number of considered power levels.
As mentioned above, the EOH principle is currently used to determine the optimal frequency for gas turbine maintenance [8] . However, to solve the problem concerning the optimal parameters of the working fluid, consideration can be limited only to those components that depend on the operational mode. Accordingly, the modified equation can be rewritten in the following form: J is the total number of operational modes in the considered period. In equation (3), the first term accounts for the depreciation of the gas turbine as a result of intermittent operations, and the second term defines the operating life reduction during operation at a constant level of power output.
To determine the coefficient 
Results and analysis
As an example of the choosing the optimal turbine inlet temperature (TIT) three gas turbines of the same power range level but with different initial temperatures were considered (table 1) Turbine blades for different TIT values are not the same. Turbine blades of Siemens Energy (60 Hz) SGT6-5000F have the same geometry as blades of Alstom (50 Hz) GT13E2 but it was assumed that they are covered by a thermal barrier coating. Turbine blades of Mitsubishi Heavy Industries (50 Hz) M701F4 have also a thermal barrier coating with a higher number of orifices for the air exit and blade cooling.
The gas temperature after the nozzle blades is determined by the following formula: Accounting of these components leads to the gas temperature increase by 15-16 K or 1-1.5 %. This study only considered startup and shutdown operations when calculating the depreciation costs, assuming for simplicity of calculation that gas turbines always operate at 100% load (that is, without considering partial-load operation). The following operational modes covering the daily electric load curve were chosen [13, 14]:
 base load: operation for 24 hours;  part peak load: operation for 19 hours, followed by stopping for 5 hours with one startup;  peak load: operation during peaks for 3 and 4 hours with two startups.
To determine the coefficient in equation 3 the first-stage turbine blades were considered to be the most thermally stressed elements. In figure 1 the startup graph is shown according to [15] . Temperatures of the working fluid before turbines Alstom GT13E2 and Siemens SGT6-5000F are taken from [16, 17] . The turbine Mitsubishi Heavy Industries M701F4 is the type F turbine and according to [18] the turbine inlet temperature is 1350 °С. Gas turbines Alstom GT13E2 and Siemens SGT6-5000F have the startup time 28 and 30 minutes correspondingly. According to the data sheet of Mitsubishi Heavy Industries every turbine from type D to type J has the startup time of 30 minutes.The turbine inlet temperatures of the turbine Mitsubishi Heavy Industries M701F4 is significantly higher than for turbines Alstom GT13E2 and Siemens SGT6-5000F, while the startup times are equal [19] . From this one can assume that the depreciation of the turbine Mitsubishi Heavy Industries M701F4 during the startup is higher. Calculation of low cycle fatigue was carried out using the commercial software package ANSYS Workbench. The simulation was implemented in two stages. The first involves the calculation of fluid dynamics in Fluent code, which models the thermal state of the gas turbine blades across the whole startup cycle. The second stage was implemented in the Mechanical application, adding to the modeled thermal loads from the first stage the mechanical loads from centrifugal and hydrodynamic forces from the working fluid. Modern gas turbines use different cooling techniques and thermal barrier coatings to prevent overheating. Dealing with these variations is out of the scope of this research; discussion can be found in [20] [21] [22] [23] . The authors decided to model the effects of thermal barrier coatings by reducing the surface temperature of a blade by 100°C compared to the temperature of the surrounding gases near the wall [24] .
In the beginning of a startup, just after the ignition in the combustion chamber we can observe the most rapid gas turbine temperature increase (figure 2). The most rapid and amplitude gas turbine temperature change occurs in the outer surface of the blade leads to the highest temperature gradient and as a result to the highest thermal stresses in this place. Figure 3 shows the dependence of the maximum blade temperature on the time during startup. In figure 4 there is the graph of the temperature difference between points on the outer surface of the blade in the near-root cross section on the inlet and outlet edges. Figure 5 shows the stresses in the gas turbine blade within the first 250 seconds. The number of cycles to failure Nf was determined using the low-cycle fatigue curve for the alloy IN-738 (figure 6) [25] . Results of calculations on the low-cycle fatigue are presented in the table 2. As can be seen from table 2 the increase of TIT significantly affects on the life reduction during cyclic operation. Heating of the blades of the first stages above 1200 °C is not allowed in accordance with the data of [26] . As can be seen from table 2 and figure 8 that the maximum temperature of the blade in the high-temperature turbine itself does not exceed 928 °C. The cost of repairs can be determined using the data [27] . To determine depreciation costs according to equation (3) the cost replace and the major overhauls were taken into account and costs of repair events with less periodicity were included into costs of abovementioned ones. Accordingly, the costs of life reduction of gas turbines per 1 EOH are shown in table 5 [28, 29] . The values of fuel costs, depreciation costs and the sum of them calculated according to equations (1) -(3) presented in tables 6 -8. To account that the considered turbines have different power output table 9 shows specific total costs per 1 MWh generated electricity. As can be seen from tables 6, 7 and 9 show that the depreciation, fuel and specific total costs for the Siemens Energy (60 Hz) SGT6-5000F and Alstom (50 Hz) GT13E2 turbines are practically the same. The decrease in blade life is negligible due to the use of a thermal barrier coating and because of the increase in the start-up time by 5 minutes (from 25 to 30 minutes). The difference in the resource of these turbines is extremely small with a large difference in power, which leads to this result.
The fuel costs of the Mitsubishi Heavy Industries (50 Hz) M701F4 turbine are lower than those of the previous ones in any mode, but the resource and total costs are higher in the part-peak and peak loads. This indicates a significant excess of resource costs over fuel and low efficiency of using hightemperature gas turbines in the part-peak and peak loads.
Conclusions
1) The increase of the initial temperature increases the thermodynamic efficiency of the Brayton cycle, increases thermal efficiency and reduces the fuel consumption. On the other hand, the operation of higher temperatures requires the use of more expensive materials and the incorporation of more complex technical solutions to prevent the overheating. All of these greatly increase the capital costs and O&M expenditures of power plants. Moreover, the cyclic operation results in more intensive thermal stresses for gas turbines with higher working fluid parameters, which increases the costs associated with the life reduction. As can be seen from tables 6-8 the depreciation costs have a large share in the structure of the total operation costs for gas turbines. And this share is higher for more uneven electric load curves.
2) Performed calculations shows that for the base load operation it is more suitable to use gas turbines with higher TIT that provides high fuel efficiency. For peak operation with high number of startups and shut downs the costs associated with life reduction markedly exceed the economy in fuel and turbines with lower TIT become more profitable. 
References

